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Microbially mediated bioremediation of polluted sites has been a subject of much research
over the past 30years, with many different compounds shown to be degraded under both
aerobic and anaerobic conditions. Aerobic-mediated bioremediation commonly examines
the use of methanotrophs, microorganisms that consume methane as their sole source
of carbon and energy. Given the diverse environments in which methanotrophs have been
found, the range of substrates they can degrade and the fact that they can be easily stim-
ulated with the provision of methane and oxygen, these microorganisms in particular have
been examined for aerobic degradation of chlorinated hydrocarbons.The physiological and
phylogenetic diversity of methanotrophy, however, has increased substantially in just the
past 5years. Here in this review, the current state of knowledge of methanotrophy, par-
ticularly as it applies to pollutant degradation is summarized, and suggestions for future
research provided.
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INTRODUCTION
Methanotrophs are distinguished from other microorganisms
by their ability to utilize methane as their sole carbon and
energysource,yetarephysiologicallyandphylogeneticallydiverse,
maintaining afﬁliations with the bacterial phyla γ-Proteobacteria,
α-Proteobacteria Verrucomicrobia, and NC10, as well within the
Euryarchaeota phylum of the Archaea. Initially, only aerobic
methanotrophs were found, but it is now known that methane
can also be oxidized by different microorganisms anaerobically
by being coupled to sulfate, nitrite, iron, or manganese reduction
(Boetiusetal.,2000;Michaelisetal.,2002;Knitteletal.,2005;Beal
et al., 2009; Knittel and Boetius, 2009; Ettwig et al., 2010; Semrau
et al.,2010).
Asaresult,methanotrophsareubiquitousandplayamajorrole
in the global cycling of carbon and nitrogen and, for the case of
aerobic methanotrophs, have also been found to be useful for the
biodegradation of hazardous organic materials (Anthony, 1982;
DiSpiritoetal.,1992;HansonandHanson,1996;LontohandSem-
rau,1998;Lontoh et al.,2000).All aerobic methanotrophs employ
theenzymemethanemonooxygenase(MMO)toconvertmethane
to methanol in the ﬁrst step of methane oxidation to CO2 (Sem-
rau et al., 2010). It is intriguing that methane oxidation coupled
tonitriteoxidationalsousesthemethanemonooxygenase(Ettwig
et al., 2010). Here,“Candidatus Methylomirabilis oxyfera”reduces
nitrite to nitric oxide, which is then converted to dinitrogen and
dioxygenusingnitricoxidedismutase,i.e.,M.oxyfera generatesits
own oxygen for methane oxidation.
Othertypesof anaerobicmethaneoxidationdonotemploythe
MMO, and the biochemical pathway that allows for such anaero-
bic methane oxidation is as yet unknown. In the case of methane
oxidation coupled to sulfate reduction, three different groups of
archaea are commonly, yet not always found in association with
sulfate-reducing bacteria (Beal et al., 2009; Knittel and Boetius,
2009; Knittel et al., 2005) and reverse methanogenesis is the only
hypothesis for such anaerobic methane oxidation that explains all
available data (Knittel et al., 2005). Anaerobic methane oxidation
coupled to iron or manganese reduction is also proposed to be
due to concerted activity of archaea and bacteria, although the
possibility that bacteria may be solely responsible for anaerobic
oxidation of methane coupled to manganese reduction cannot
be ruled out (Beal et al., 2009). It is also unclear how methane
oxidation coupled to metal reduction proceeds, although reverse
methanogenesis is a possibility.
As mentioned earlier,for the aerobic methanotrophs,methane
is initially transformed into methanol by the MMO. Methanol
is then further oxidized to formaldehyde by the methanol dehy-
drogenase. Formaldehyde can then either be assimilated into bio-
mass via the serine cycle or the ribulose monophosphate pathway
(RuMP), or further oxidized to formate and carbon dioxide to
generate reducing equivalents needed in the initial oxidation of
methane(TrotsenkoandMurrell,2008;Semrauetal.,2010).MMO
is known to exist in at least two forms. One form, the particulate
methanemonooxygenase(pMMO)isfoundinmostknownaero-
bicmethanotrophsaswellasM.oxyfera andislocatedinthecyto-
plasmic membrane (Op den Camp et al.,2009; Ettwig et al.,2010;
Semrauetal.,2010).Anotherform,thesolublemethanemonooxy-
genase (sMMO) is found in some aerobic methanotrophs (so far
only in a handful of γ- and α-Proteobacteria) and is located in the
cytoplasm (Semrau et al., 2010). A summary of the current gen-
era of methanotrophs known to synthesize MMO and the forms
expressed is shown in Table 1.
Both forms of MMO have been shown to oxidize a range of
pollutants, particularly halogenated hydrocarbons (Semrau et al.,
2010).Giventheubiquityof aerobicmethanotrophs(foundwher-
ever air:methane interfaces develop), these microorganisms have
been extensively used for pollutant degradation. The utility of
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Table 1 | Distribution of pMMO and sMMO expression by
methanotrophic genera.
Phylum/genus pMMO sMMO
α-PROTEOBACTERIA
Methylocapsa +−
Methylocella −+
Methylocystis + Varies between species
Methyloferula −+
Methylosinus ++
γ-PROTEOBACTERIA
Methylobacter +−
Methylocaldum +−
Methylococcus ++
Methylohalobius +−
Methylomicrobium +−
Methylomonas + Varies between species
Methylosarcina +−
Methylosoma +−
Methylosphaera +−
Methylothermus +−
Methylovulum ++
VERRUCOMICROBIA
Methylacidiphilum +−
NC 10 PHYLUM (NITRITE-RESPIRING METHANOTROPHS)
Methylomirabilis +−
Auman et al. (2000), Ettwig et al. (2010), Iguchi et al. (2010), Koh et al. (1993), Op
den Camp et al. (2009), Semrau et al. (2010), Shen et al. (1997), Shigematsu et al.
(1999), Vorobev et al. (2011).
methanotrophyforpollutantdegradation,however,iscomplicated
by three general issues as noted earlier (Semrau et al.,2010). First,
overallpollutantdegradationbymethanotrophscanbelimitedby
the toxicity of both the pollutant itself and oxidative product(s)
formed by both forms of MMO. Second, pollutant degradation
by either form of MMO requires a source of reducing equiva-
lents for the reduction of dioxygen. Third, pollutant degradation
by methanotrophs is typically co-metabolic, i.e., it can only occur
over an extended period in the presence of the growth substrate,
methane, which acts as an inhibitor of pollutant degradation by
both forms of the MMO. As such, overall pollutant degradation
by methanotrophs can be limited by the need to ensure adequate
methane levels necessary for methanotrophic survival.
Here, the use of methanotrophs that express the methane
monooxygenase for pollutant degradation is reviewed, with a
particulardiscussiononhowmethanotrophic-mediatedbioreme-
diation can be improved.
HISTORY OF POLLUTANT DEGRADATION VIA
METHANOTROPHS
Many compounds have been shown to be degraded to varying
degrees by aerobic methanotrophs, including halogenated alka-
nes, alkenes, and aromatic compounds. In methanotrophs, such
degradation is due to MMO activity, and the rate and range of
pollutantsdegradedisdependentontheformof MMOexpressed.
sMMO-expressing cells typically degrade more compounds than
Table 2 | Halogenated hydrocarbons degraded by sMMO.
Compound Products
HALOGENATEDALKANES
Bromomethane Not determined
Chloromethane Not determined
Dichloromethane Not determined
Chloroform Not determined
1,1-Dichloroethane Not determined
1,2-Dichloroethane Not determined
1,1,1-Trichloroethane 2,2,2-Trichloroethanol
1-Chloropropane 1-Chloro-2-propanol, chloride
1,2-Dichloropropane 1-Chloro-2-propanol; 2-chloro-1-propanol;
2,3-dichloro-1-propanol; chloride
1,3-Dichloropropane Chloride
1,2,3-Trichloropropane 2-Chloro-1-propanol; 1,3-dichloro-2-propanol;
2,3-dichloro-1-propanol; chloride
Chloropentane Chloropentanol
HALOGENATEDALKENES
Vinyl chloride Glycolate, dichloroacetaldehyde
trans-Dichloroethylene trans-Dichloroethylene-epoxide
cis-Dichloroethylene cis-Dichloroethylene-epoxide
1,1-Dichloroethylene Not determined
Trichloroethylene Glyoxylate; dichloroacetate; formate; chloral;
carbon monoxide
Chlorotriﬂuoroethylene Oxalate
Tribromoethylene Formate; bromal
Triﬂuoroethylene Glyoxylate; diﬂuoroacetate; ﬂuoral
HALOGENATEDAROMATICS
Bromobenzene Bromophenol
Chlorobenzene 2-Chlorophenol; 3-chlorophenol; 4-chlorophenol
Fluorobenzene Fluorophenol
Bromobenzene Bromophenol
1,2,3-Trichlorobenzene 2,3,4-trichlorophenol; 3,4,5-trichlorophenol
Chloronaphthalene Chloronaphthol
2-Bromobiphenyl 2-Hydroxybiphenyl; hydroxybromobiphenyl
2-Chlorobiphenyl Hydroxychlorobiphenyl
2-Iodobiphenyl 2-Hydroxybiphenyl; hydroxybiphenyl
Bosma and Janssen (1998), Colby et al. (1977), Fox et al. (1990), Grosse et al.
(1999), Jechorek et al. (2003), Lindner et al. (2000), Oldenhuis et al. (1989), Smith
and Dalton (2004), Sullivan and Chase (1996), van Hylckama Vleig et al. (1996).
pMMO-expressing cells, and degrade such compounds at faster
initial rates (Colby et al., 1977; Hou et al., 1979; Burrows et al.,
1984). A partial list of halogenated hydrocarbons shown to be
degraded by pMMO or sMMO is provided in Tables 2 and
3. It should be noted that the data presented in Tables 2 and
3 is based on studies of methanotrophic genera within the γ-
Proteobacteria and α-Proteobacteria phyla, e.g., Methylobacter,
Methylococcus, Methylocystis, Methylomicrobium, and Methylosi-
nus (Colby et al., 1977; Oldenhuis et al., 1989; Fox et al., 1990;
Sullivan and Chase, 1996; van Hylckama Vleig et al., 1996; Smith
etal.,1997;BosmaandJanssen,1998;Grosseetal.,1999;Hanetal.,
1999; Han and Semrau, 2000; Lindner et al., 2000; Lontoh et al.,
2000; Jechorek et al., 2003; Smith and Dalton, 2004; Im and Sem-
rau,2011).Furtherinvestigationwilllikelyextendnotonlythelist
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Table 3 | Halogenated hydrocarbons degraded by pMMO.
Compound Products
HALOGENATEDALKANES
Chloromethane Carbon dioxide, biomass*
Dichloromethane Not determined
Dibromomethane Not determined
Chloroform Not determined
1,1,1-Trichloroethane Not determined
HALOGENATEDALKENES
Vinyl chloride Not determined
trans-Dichloroethylene Not determined
cis-Dichloroethylene Not determined
1,1-Dichloroethylene Not determined
Trichloroethylene Glyoxylate, formate, carbon dioxide
*
14C-labeling and growth studies indicated that chloromethane could serve as
a carbon source for methanotrophs (Han and Semrau, 2000). Other sources
include:Han et al. (1999), Im and Semrau (2011), Lontoh et al. (2000), Oldenhuis
et al. (1989), Smith et al. (1997), Smith and Dalton (2004).
of such compounds for methanotrophs expressing either form of
MMO, but also the range of phyla shown to degrade halogenated
hydrocarbons.
Soluble methane monooxygenase and pMMO-expressing cells
degrade the compounds shown in Tables 2 and 3 via oxida-
tion, typically to the corresponding alcohol (for alkanes) and
epoxide (for alkenes) and, in the case of sMMO-expressing cells,
through the hydroxylation of halogenated aromatic compounds.
In many cases, these initial products can undergo further abi-
otic and biotic transformations, with the stable products shown
in Tables 2 and 3. It should be noted that for pMMO-expressing
cells oxidizing chloromethane and trichloroethylene, mineraliza-
tion of these compounds (i.e.,conversion to carbon dioxide),was
observed, suggesting that these compounds may provide some,
albeit small, beneﬁt to methanotrophs (Han and Semrau, 2000;
Lontoh et al., 2000). Further, it was found that carbon in 14C-
labeled chloromethane was assimilated into biomass, indicating
that chloromethane also served as a carbon source (Han and
Semrau, 2000). Here it was postulated that chloromethane was
ﬁrst transformed to chloromethanol,which then abiotically broke
downtoformaldehyde,andthuswasabletobeusedforgeneration
of both biomass and reducing equivalents by methanotrophs.
The ﬁnding that aerobic methanotrophs can degrade priority
pollutants such as halogenated hydrocarbons coupled with the
fact that aerobic methanotrophs are ubiquitous generated a great
dealofinterestinusingmethanotrophytoremediatepollutedsoils
and aquifers. In particular, ﬁeld demonstrations at Moffett Naval
Air Station and the Savannah River Site of the Department of
Energy clearly showed that aerobic methanotrophs could be stim-
ulated through the provision of methane and air with subsequent
pollutant degradation (Semprini et al.,1990; Pﬁffner et al.,1997).
USE OF sMMO VS. pMMO-EXPRESSING CELLS FOR
POLLUTANT DEGRADATION
Given the ﬁnding that sMMO-expressing aerobic methanotrophs
degradedmorecompoundsmorequicklythanpMMO-expressing
aerobic methanotrophs, it is not surprising that much of the
early literature focused on the utility of sMMO-expressing aero-
bic methanotrophs for pollutant degradation. It should be noted,
however, that these studies typically focused on simple systems
where one methanotrophic culture (either pure or mixed) was
exposedtoonepollutant.MorerecentworksuggeststhatpMMO-
expressing aerobic methanotrophs may be preferable as these cells
are able to survive more easily in the presence of relatively com-
plex mixtures of chlorinated ethenes that are more representative
of what could be found in situ (Lee et al., 2006). Here it was
found that under certain conditions (i.e., at relatively high initial
concentrations of chlorinated ethenes), the faster degradation of
chlorinated ethenes by sMMO-expressing methanotrophs led to
a rapid buildup of toxic products that reduced overall methan-
otrophicgrowth,andultimatelylessoverallpollutantdegradation
than that observed for pMMO-expressing microorganisms.
From these observations, a simple model, the “Δ Model” was
developed based on Michaelis–Menten kinetics to predict when
either sMMO or pMMO-expressing systems would be preferred.
Δ is calculated as the difference between the rate of growth sub-
strate turnover (vG in Eq. 1 below) and the sum of the rate(s) of
competing pollutant degradation (ΣνPiin Eq. 1 below):
Δ =
vG −
n 
i=1
vPi
vG
=
VG
max∗SG
KG
S +SG −
n 
i=1
V
Pi
max ∗Pi
K
Pi
s +Pi
VG
max∗SG
KG
S +SG
(1)
It should be noted that the values of vG and νPi, and thus Δ
depends on the concentrations of growth substrate and pollu-
tant(s) and can vary from 1 [no pollutant(s) present] to less than
zero (the total rate of pollutant turnover is greater than that of
growthsubstrateturnover).Frompreviousstudies(Leeetal.,2006;
Yoon and Semrau, 2008), it was found that when Δ values were
less than zero, little if any methanotrophic growth was observed
with limited concomitant pollutant degradation. Further, it was
found that the Δ value of sMMO-expressing methanotrophs,due
to the relatively broad substrate range and fast pollutant turnover
kinetics of these microorganisms, decreased much more quickly
as pollutant concentrations increased than that calculated for
pMMO-expressing methanotrophs. As such, pMMO-expressing
methanotrophsmaybepreferredoversMMO-expressingmethan-
otrophs over a broad range of pollutant concentrations as those
microorganisms are better able to bind and turnover methane
in the presence of competing compounds, and thus increase
cell numbers and generate reducing equivalents, both of which
enhance pollutant degradation.
POLLUTANT DEGRADATION BY FACULTATIVE
METHANOTROPHS
Althoughtheuseof theΔmodelcanhelpdeterminewhichMMO
should be utilized for pollutant degradation under any speciﬁc
set of circumstances, the fact that pollutant(s) compete with the
growth substrate, methane, for binding complicates the use of
methanotrophs for bioremediation. This issue, when considered
in conjunction with the fact that methane is sparingly soluble in
water, can make methanotrophic-mediated bioremediation chal-
lenging despite the advantages that methanotrophs provide, i.e.,
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thesemicroorganismsareubiquitous,candegradeawiderangeof
substrates, and can be stimulated with the provision of a readily
available and non-toxic substrate (methane).
Recently, however, facultative methanotrophs have been char-
acterized that can utilize a variety of multi-carbon substrates such
as ethanol and acetate for growth (Dedysh et al., 2005; Dunﬁeld
et al., 2010; Belova et al., 2011; Im et al., 2011; Semrau et al.,
2011). Facultative methanotrophy is intriguing as it has been
found that some, but not all facultative methanotrophs consti-
tutively express the MMO regardless of the growth substrate (e.g.,
methane vs. acetate or ethanol). As a result, it may be possible to
utilizemethanotrophsforpollutantdegradationwithouttheneed
for the provision of methane, and thus minimizing competition
for binding to the MMO. At least one facultative methanotroph,
Methylocystis strain SB2, that groups with the α-Proteobacteria
and constitutively expresses pMMO, has been shown to degrade
a variety of chlorinated hydrocarbons when grown on acetate or
ethanol (Im and Semrau, 2011;Yoon et al., 2011).
One interesting aspect of pollutant degradation by faculta-
tive methanotrophs is the possibility that these microorganisms
may actually generate some beneﬁt from oxidizing these com-
pounds. Such a phenomenon is not unknown, for as described
earlier, chloromethane has been found to stimulate methan-
otrophic growth when methanol was provided as the growth
substrate (Han and Semrau, 2000). It is still unclear how facul-
tative methanotrophs assimilate carbon from multi-carbon com-
pounds, but all facultative methanotrophs to date group with the
α-Proteobacteria, and use the serine cycle for carbon assimilation
from formaldehyde. Many known pathways for acetate assimila-
tion (e.g., the glyoxylate shunt of the tricarboxylic acid cycle, the
ethylmalonyl-CoA pathway, the citramalate cycle, and the methy-
laspartatecycle)makemalateandglyoxylate,whichareintermedi-
atesof theserinecycle(Semrauetal.,2011).Of interesthereisthat
glyoxylatehasbeenshowntobeaprimaryproductoftrichloroeth-
ylene oxidation by pMMO-expressing methanotrophs as well as
by puriﬁed sMMO (Fox et al., 1990; Lontoh et al., 2000), suggest-
ing that for facultative methanotrophs, and for methanotrophs
that utilize the serine cycle for carbon assimilation, compounds
such as trichloroethylene may provide some, albeit likely limited,
beneﬁt.
Given this, it is possible that facultative methanotrophs could
be grown on a multi-carbon substrate such as acetate,with MMO
activityfocusedonpollutantdegradationthatcouldhavesome,as
yet unknown beneﬁt. In this scenario, competition for binding to
MMO is avoided,and the transformation of select pollutants into
intermediatesoftheserinecycleand/orpathwaysformulti-carbon
assimilation consumption may provide carbon compounds that
can be used to support growth. Here, toxicity of the pollutant
and its products is still possible, and this should be kept in
mind when attempting to utilize facultative methanotrophy for
pollutant degradation.
IS METHANOTROPHIC-MEDIATED POLLUTANT
DEGRADATION POSSIBLE UNDER ANAEROBIC CONDITIONS?
To date, only aerobic methanotrophs have been extensively stud-
ied for pollutant degradation, although anaerobic methane oxi-
dizing microbial systems could also be utilized, particularly
nitrite-drivenmethaneoxidationby M.oxyfera.Thisveryintrigu-
ing microorganism surprisingly uses pMMO for methane oxida-
tion,which requires oxygen. As noted above,M. oxyfera generates
its own oxygen from nitrite by ﬁrst reducing it to nitric oxide,
and then via the activity of a nitric oxide dismutase, converts
nitricoxidetodinitrogenanddioxygen(Ettwigetal.,2010).Given
that M. oxyfera utilizes pMMO for methane oxidation, it is very
possible that this microorganism could also oxidize a variety of
halogenated hydrocarbons in anaerobic conditions. Such activity,
however,willnotonlybeaffectedbycompetitionwithmethanefor
binding to pMMO as well as possible toxicity of the pollutant and
itsoxidativeproducts,butalsocouldbelimitedbythenecessityof
M. oxyfera to generate oxygen for pMMO activity. It is not clear
if such activity would be purposely stimulated in situ as nitrite
would have to be added, but nonetheless, it is possible that these
microorganismscouldhavesomeuseforpollutantdegradationin
anaerobic zones.
CAN ACIDOPHILIC OR THERMOACIDOPHILIC
METHANOTROPHS BE USED FOR POLLUTANT
DEGRADATION?
Most known aerobic methanotrophs are mesophilic,growing best
at near-neutral pH and 30˚C. Some moderate aerobic acidophilic
methanotrophs that grow best at pH between ∼5a n d6h a v eb e e n
characterized that group with the α-Proteobacteria (Dedysh et al.,
1998a,b,2000,2002,2004,2005;Dunﬁeldetal.,2010).Giventheir
ability to survive in acidic conditions, it is possible that these
strains could be used to degrade various pollutants under a wider
range of environmental conditions currently considered feasible.
It should be noted, however, that many of these strains, partic-
ularly species within the Methylocella genera are only capable of
expressing sMMO, and none have been examined for their abil-
ity to degrade pollutants. Further, it is interesting that many, but
not all of these strains are also facultative. Of the facultative aci-
dophilic strains, it is known that the Methylocella silvestris does
notexpresssMMOinthepresenceof acetate(Theisenetal.,2005),
whileanotherfacultativeacidophilicmethanotroph,Methylocapsa
aureus,onlyexpressespMMO,butitisnotknownifpMMOiscon-
stitutively expressed (Dunﬁeld et al., 2010). Clearly, more work is
needed in this area if these microorganisms are to be utilized for
pollutant degradation.
Although the ﬁnding of acidophilic methanotrophy provides
interesting possibilities for pollutant degradation, the ﬁnding of
thermoacidophilic methanotrophs within the Verrucomicrobia
phylum dramatically expands the potential use of methanotrophs
for pollutant degradation. These microorganisms,simultaneously
described by three independent groups are capable of growth
in environments with pH values of approximately 1 and tem-
peratures greater than 50˚C (Dunﬁeld et al., 2007; Pol et al.,
2007; Islam et al., 2008). These microorganisms utilize pMMO
for methane oxidation (Hou et al., 2008; Semrau et al., 2008,
2010; Op den Camp et al., 2009), and have been recently shown
to be able to utilize carbon dioxide as the sole carbon source
via the Calvin–Benson–Bassham cycle (Khadem et al., 2011). As
with the moderate acidophilic methanotrophs, there have been
no reported data in the open literature that indicates that these
thermoacidophilicmethanotrophscandegradevariouspollutants
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via pMMO activity, although such a possibility appears to be
likely. Further, the ﬁnding that carbon dioxide is ﬁxed by these
microorganisms suggests that,like facultative methanotrophs,the
use of carbon sources other than methane may enhance the util-
ity of these microorganisms for pollutant degradation, although
it should be noted that methane is used as the energy source by
these microorganisms (Khadem et al., 2011).
SUGGESTIONS FOR FUTURE RESEARCH
Recent ﬁndings have extended the possible utility of
methanotrophic-mediated pollutant degradation to include ther-
mallyactiveandacidicenvironmentsaswellinanaerobicregimes,
particularly where nitrite levels may be high. Much more can
and should be done, however, to fully maximize the use of
methanotrophic activity for pollutant degradation, including:
• How can complex aerobic methanotrophic communities
exposed to multiple pollutants be effectively used for in situ
bioremediation? As described above, the form of MMO
expressed has a signiﬁcant effect on overall pollutant degra-
dation. More effort should be put forward to characterize how
methanotrophic communities respond to the presence of pol-
lutants, both in terms of community structure (i.e., do spe-
ciﬁc groups of methanotrophs predominate?) and activity (i.e.,
which form of MMO is primarily expressed?).
• What is the extent and range of facultative methanotrophy?
That is, how widespread are these microorganisms and can
multi-carbon substrates such as acetate or ethanol be effec-
tively added in situ to stimulate their activity? Can facultative
methanotrophs effectively compete with heterotrophs for any
added acetate or ethanol? Further,given that these microorgan-
isms likely have multiple pathways for carbon assimilation, can
any speciﬁc pollutant serve to help support growth through the
production of intermediates such as glyoxylate?
• How can novel methanotrophic physiologies such as aci-
dophilic, thermoacidophilic, and nitrite-utilizing methan-
otrophs be best used for pollutant degradation? How wide-
spread are these types of methanotrophs? Can they be easily
stimulated in situ? Much information is lacking here as to the
range of compounds that these strains can bind via the sMMO
orpMMO,aswellastheratesandproductsofsuchdegradation.
Answers to these issues will not only facilitate the use of methan-
otrophs for pollutant degradation, but also help address other
interesting issues in methanotrophy, e.g., more complete knowl-
edge on the diversity of methanotrophs and how these microor-
ganisms help regulate elemental cycling in various environments.
Finally, although not explicitly considered in this review, it is
possible that anaerobic methane oxidation coupled to sulfate or
metal reduction could also be utilized for pollutant degradation,
although it is likely that in these conditions, reductive dehalo-
genation would be the primary mechanism for pollutant removal.
Such activity has been predominantly found in marine systems,
but has also been shown to exist in terrestrial systems, speciﬁcally
landﬁll leachate (Grossman et al., 2002). In such environments,
pollutants such as chlorinated solvents can also be expected, and
the possibility of anaerobic methane oxidation helping to remove
various pollutants is intriguing. It should be stressed, however,
that it is unknown what,if any,pollutant degradation ability such
microorganisms have.
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